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Abstract 
The results of chemical, mechanical and metallographic studies of elements of the design of a multiple hearth furnace from the 
steel 1.4837 and 1.4857 according to EN 10295: 2002 are given in order to establish possible causes of its emergency shutdown. 
Among the possible causes of failures of elements the following ones are considered: non-operation of the safety device, 
degradation of material properties, as well as development of cracks in these surfaces caused by the high temperature and force 
action. 
The study has found out that the basic chemical composition, structure, and mechanical properties of the construction material 
ensure normal operation of the furnace to a temperature of up to 10500ɋ. Exceeding this temperature and periodical heating and 
cooling of the basic elements (thermal cycles) leads to emission of complex carbide inclusions on the dendrite boundaries. 
Frequent thermal cycles as well as the significant heterogeneity in distribution of non-metallic inclusions and carbides leads to 
degradation of material properties. 
While establishing causes of a failure of a safety device, the authors have found out that the increase of the gap between the 
sleeves results in a relatively small change in the cutoff force by increasing the proportion of normal stresses from bending. A 
more significant increase in the shear force occurs at the minimum cross section of the pin offset from the edge of the plane. 
The results of the study suggest a modification of a chemical composition of the used steel grades and change of the design of a 
safety device pin. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Introduction 
For obtaining burned magnesium oxideMgO used in construction, metallurgy, and chemical industry, multiple 
hearth furnaces with unbroken operation regime in conditions of high temperatures are used [1]. 
Modern multiple hearth furnace (MHF) is a highly technological equipment which is a vertical cylindrical steel 
chamber lined with refractory material inside. The inner space of the furnace is divided into individual pods within 
which a certain temperature is maintained corresponding to the temperature profile of magnesite calcining. In the 
center of a furnace a rotating shaft based on bearings in the top and bottom is installed. Moving of shaft is performed 
by using plow-like paddles installed on the handles which are fixed to the central shaft in cantilever fashion. 
Rotation of the shaft is carried by electric drive and gearbox installed in the base of the furnace. Emergency 
shutdown of the furnace is performed by means of a safety device of the central shaft of the drive by cutting a steel 
pin. 
This paper presents the results of studying the causes of breakdowns of handles of MHF for the production of 
magnesia binders which have repeatedly occurred during the regulatory period of its operation. Among the possible 
causes of breakdowns of handles the following ones are considered: non-operation of safety device, degradation of 
material properties of the handles, as well as development of cracks in these surfaces caused by high temperature 
and force action. Handles of hearths 1-5, 18-19 with a maximum heating temperature of up to 9000ɋ are made of 
heat-resistant cast steel of grade 1.4837, and handles of hearths 6-17 with a maximum heating temperature of up to 
10500ɋ are made of steel of grade 1.4857 according to EN 10295: 2002 [2]. 
2. Methods and Results of the Study 
For the analysis of the assumptions made previously a complex of chemical, mechanical, and metallographic tests 
of material of handles was held. The chemical composition of the material of handles was determined in samples of 
metal with the help of analytical chemistry methods according to All-Russian State Standard 28473-90, All-Russian 
State Standard 12344-88, All-Russian State Standard 12348-78, All-Russian State Standard 12350-78, and All-
Russian State Standard 12352-81. Test results are shown in Table 1.  
Table 1. Content of Chemical Elements in Steel
No. of 
Sample 
Content of Chemical Elements, % 
ɋ Mn Si Cr Ni Mo S P 
1.4837 0,3-0,5 2,0 1,0-2,5 24-27 11-14 0,5 0,030 0,040 
1-1 0,48 0,55 1,32 24,9 12,8 0,04 0,021 0,020 
1.4857 0,3-0,5 2,0 1,0-2,5 24-27 33-36 0,5 0,030 0,040 
7-1 0,45 0,50 1,38 25,1 32,8 0,03 0,011 0,019 
Notes. 1. Normative requirements of steel of grades 1.4837 and 1.4857 in accordance with EN 10295:2002 provided in lines 1,3. 2. The first 
number in the No. of a sample is the number of the hearth and the second number is the number of a handle. 
 
According to Table 1, the content of carbon in test samples is 0,45-0,48% which is considered problematic [3, 4] 
from the viewpoint of operability of handles. This is determined by the fact that when the carbon content in the steel 
is 0.45% and higher a decline in its heat resistance and mechanical properties, particularly ductility is observed. To 
increase the limit of long-term strength of studied grades of steel it is necessary to be guided by melts with lower 
carbon content in the range of regulatory requirements of EN 10295: 2002. In general, the content of chemical 
elements of metal samples conforms to grades of steel accepted in the project: 1.4837 and 1.4857 supplied in 
accordance with EN 10295: 2002. 
Mechanical tests on static tensile and impact bending were carried out in accordance with All-Russian State 
Standard 1497-84 and All-Russian State Standard 9454-78* respectively. Test results are shown in Table. 2. 
As shown in Table. 2, a yield limit of studied grades of steel is higher than standard values by 20-40% while the 
tensile strength is lower values by 10-15% compared to the normative requirements. 
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In most cases the simultaneous increase in yield strength and decrease in tensile strength of steel reduces its 
plastic properties and to its embrittlement, which can be seen from test results shown in Table. 2. In particular, the 
elongation of both steel grades is lower than the standard value by 40-60% and its impact resistance is less than 10 
J/cm2. Share of ductile constituent of fractures of images tested on tensile and impact bending is equal to zero 
indicating the fragile nature of steel fracture. All of the abovementioned indicates that the material of handles hardly 
resists force actions taking place during operation of furnace handles. 
  Table 2. Results of Mechanical Tests of Samples Cut out of Handle Fragments  
No. of Hearth 
and Sample 
Marking of 
Sample Yield Limit, N/mm
2 Strength Limit, N/mm2 Elongation, % 
Impact Resistance 
ɄɋV, J/cm2 
1-1 
1.4837 220 450 6 –
1-1 – 367 1,5 8,0 
1-2 316 386 1,9 10,0 
1-5 – 401 2,0 6,0 
1-6 280 436 3,6 7,0 
7-1 
1.4857 220 440 6 –
7-1 – 378 1,5 5,0 
7-2 345 410 1,6 8,0 
7-5 – 373 1,8 6,0 
7-6 255 367 3,4 5,0 
Notes. Values of mechanical properties in lines 1.4837 and 1.4857 conform to normative requirements in accordance with EN 10295:2002 at the 
temperature of +200ɋ.  
 
Metallographic studies were carried out on longitudinal sections after electrolytic etching in 10% aqueous 
solution of oxalic acid. Test results are shown in Fig. 1-3. 
Fig. 1 indicates that the microstructure of samples of metal handles has cast austenitic dendritic structure [5]. In 
samples No.1 of the handles of the hearth No.7 metal discontinuities (see Fig. 2) have been found, as well as 
structural defects characteristic of the cast state (see Fig. 3). In particular, in fragment No.1 of this handle 
discontinuity of metal has been found extending from the inner surface to 3 mm deep (see Fig. 2a.) In fragment No.2 
of the handle some discontinuities organized in a line and located at a distance of 6 to 13 mm from the inner surface 
(see. Fig. 2b). 
 
 
Fig. 1. Microstructure of samples (Zooming 100ɯ) of handle No.1 of the hearth No.1 selected from the fragments No. 1 (ɚ) and No.2 (b) 
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Fig. 2. Optical microscopy of handle No. 1 of the hearth No.7: ɚ – discontinuity of metal spread on the surface of the handle; b – inner 
discontinuity 
 
Fig. 3. Optical microscopy of fragment No. 1 of handle No. 1 of the hearth No. 7: ɚ, b, c – segregational heterogeneity;  d – microstructure of the 
metal 
X-ray analysis of metal of handle No.1 of the hearth No.7 showed that discontinuities are present in the 
composition based on the inclusion of chromium and iron which are apparently formed during the casting of the 
product. The assumption on the presence of cracks in the metal handles due to high temperature and power effects 
has not been confirmed. 
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In order to establish possible causes of failure of safety device of the drive of the central shaft a special device for 
shear testing the pins which corresponds to the design scheme of the pin and allows simulating different 
misalignment of  bushings and the pin in reference to the shear plane. 
In tests two most probable misalignments have been studied: increasing the gap between the bushings and the 
displacement of its minimum section weakened by annular cut in reference to the shear plane. In preparation for 
testing it was taken into account that the pins are consumable material and are supplied by different manufacturers. 
Therefore, three batches of pins have been studied. Batch No.1 was provided by the supplier of the equipment for 
MHF; Batches No.3, 4 were provided by regional enterprises of machine-building complex. 
In tests it was found that an increase in the gap between the bushings by 2 mm compared to the project one 
(under otherwise equal conditions) causes a relatively small change in shearing force (Table 3-4.) by increasing the 
proportion of normal stresses from bending. A more significant increase in shearing forces is to be expected from a 
displacement of the minimum section of the pin from shear plane (Fig. 4). 
  Table 3 - Results of tests with the shear pin design clearance between the bushings 
Marking Diameter,mm2 SectionArea,mm2 LoadofFailure,ʻ ShearStrength,ʻ/mm2
1Ͳ1 23,50 433,5 152055 351
1Ͳ2 23,50 433,5 152055 351
4Ͳ1 22,80 408,1 139793 343
4Ͳ2 22,00 379,9 126549 333
Note. Pins No.1-2, 1-3 are provided by the manufacturer of MHF, No.4-1, 4-2 – domestic equivalents.  
 
  Table 4 – Results of  pin shear testing with the increased clearance between the bushings  
Marking Diameter,mm2 SectionArea,mm2 LoadofFracture,ʻ ShearStrength,ʻ/mm2
1Ͳ3 23,50 433,5 154998 358
4Ͳ3 22,70 404,5 139793 346
Note. Pins No.1-2, 1-3 are provided by the manufacturer of MHF, No.4-1, 4-2 – domestic equivalents. 
 
 
Fig. 4. Dependence of thevalue of  relative shear force on displacement of shear area: 1 - a pin with the design geometry of annular cut; 2 - a pin 
with the proposed geometry of the annular cut 
To assess the impact of a displacement of the minimum section of the pin from shear plane a corresponding 
calculation was conducted which showed that the design geometry of the annular cut for the displacement of the 
section of the pin from shear plane by 0.5 mm leads to increased shear force by 18% (see Fig. 4, curve 1) and the 
displacement by 1 mm – by 25%. 
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To reduce the impact of the imprecision on the installation of pin on shear force we offer to change the geometry 
of the annular cut, in particular to increase the width of cut by 4 mm and the vertex angle to 1500 (see Fig. 5). 
Compared to the design geometry of the cut the minimum section of the pin displacement from the edge of the plane 
by 0.5 mm leads in this case to an increase in shear force by 4% and by 1 mm – by 7% (see Figure 4, curve 2). 
 
 
Fig. 5. Geometry of the annular cut of the pin: a - proposed variant, b – current variant. 
3. Conclusion and Recommendations 
As a result of comprehensive study of the material of handle No.1 of hearth No.1,7 the following has been 
established: 
1. Chemical composition of metal of handles No.1 of hearth No.1,7 meet the design steel grades 1.4837 and 
1.4857 according to EN 10295: 2002. The carbon content of the test samples is 0,45-048% which may lead to a 
decrease in heat resistance and mechanical performance properties, particularly ductility. To increase the limit of 
long-term strength of handles we should be guided by melting with lower carbon content in the range of regulatory 
requirements set out in EN 10295: 2002. 
2. Mechanical properties of materials of handle No.1 of hearth No.1,7 do not correspond with steel grades 1.4837 
and 1.4857 according to EN 10295: 2002, respectively. Tensile strength of the steel became lower than the standard 
value by an average of 12-16%, elongation is 40-50%. Yield strength of steel became higher than the minimum 
standard values but it does not contradict the requirements of EN 10295: 2002. Increase of the yield stress with a 
decrease in the tensile strength reduces the properties of plasticity and embrittlement of the material as evidenced by 
the results of mechanical tests. 
Impact strength at +20 ᤪC is 5-10 J/cm2. Share of shear fracture specimens tested in tension and impact strength 
is equal to zero indicating the fragile nature of the destruction of the samples. All this indicates that the material of 
the handles reveals virtually no resistance to shock impacts taking place during the operation of the furnace handles. 
3. The microstructure of samples taken from both handles is a molded austenitic dendritic structure. In fragments 
No.1, 2 of handle No.1 of hearth No.1,7 metal discontinuity, as well as structural defects characteristic of the cast 
state has been revealed. Chemical composition of these inclusions is represented mainly by chromium and iron 
which have been most likely put in the metal during casting products. Cracks in thin sections taken from of handle 
No.1 of hearth No.1,7 have not been detected with the help of metallographic research methods. 
4. The basic chemical composition, structure and mechanical properties of materials handles ensure their normal 
operation until the temperature 10500C. At raising this temperature, as well as at periodic heating and cooling of the 
handles (thermal cycles) there may be separation of complex carbide inclusions dendrite boundaries [5, 6, 7]. 
Frequent thermal cycles, as well as significant heterogeneity in the distribution of non-metallic inclusions and 
carbides lead to the formation of cracks and destruction of the product [3]. 
5. To improve the performance properties of the investigated steel grades working in conditions of frequent 
thermal cycles it is necessary to modify its composition (niobium, titanium, boron, and others) and injection 
molding technology aimed at the creation of a dispersed dendritic structure and hardening of the matrix solid 
solution by thermally stable disperse secretions carbides [5, 8, 9]. This class of materials includes domestic steel 
grades 45Cr26Ni33Si2Nb2, 45Cr26Ni33B5Si2Nb, and 45Cr26i26Si2Nb. Steel 45Cr26Ni33Si2Nb2, 
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45Cr26Ni33B5Si2Nb provide high performance products in the temperature range of 1100 ... 12000C and steel 
40Cr26Ni26Si2Nb- in the temperature range of 900 ... 10000C [5, 7, 10]. 
In the course of conducting the research to identify the possible causes of failure of a safety device of the drive of 
the central shaft the following has been found: 
6. At meeting the requirements for the production of pins the distance between the bushings and the displacement 
of the minimum section of the pin in relation to the cutting plane affect the value of shearing load. 
During the test it was found out that the increase in the gap between the bushings results in a relatively small 
change in the shearing load by increasing the proportion of the normal stresses from bending. A more significant 
increase in the shear force (25%) is observed in displacement of the minimum section of the pin on the cutting 
plane. Apparently, this is one of the reasons for failure of a safety device of the central drive of the shaft. 
7. To reduce the effect of the imprecision of the installation of the pin on the value of the shearing load we offer 
to change the geometry of the annular incision (to increase the width of the cut by 4 mm and the vertex angle of up 
to 1500), at meeting the provisions of the project of plugs in the safety device. 
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